A method comparison study for the determination and quantitation of nonesterified fatty acids (NEFAs) in serum, using the commercial ''NEFA C'' enzymatic test kit, was performed using the spectrophotometric method recommended by the manufacturer and a modified procedure optimized for the use of a microplate reader, a 96-well microtiter plate, and small sample volumes (10 l). Linearity, sensitivity, and precision using the test kit were determined for each method of detection. The assay was linear from 0 to 1.97 mEq/liter for both procedures, and the limits of detection were determined to be 0.22 (Ϯ0.074) and 0.05 (Ϯ0.002) mEq/liter for the spectrophotometer and microplate reader, respectively. Pairs of measurements for bovine serum samples were compared and evaluated by a mean difference plot method and not regression analysis, a method that has been shown to be inappropriate for method comparison studies. The difference plot was used to evaluate the systematic bias between the 2 methods. Random error is reported on the basis of SD differences, and ''limits of agreement'' are used to describe the maximum differences likely to occur between the 2 methods. Results suggest that the microplate reader method can be used reliably in place of the recommended spectrophotometric method. The microplate reader method is preferred because of its high throughput capabilities, simultaneous analysis of all the standards and samples, use of small sample and reagent volumes, and reduction in labor requirements and costs.
The measurement of nonesterified fatty acids (NE-FAs) in dairy cows can be used to assess dry cow nutritional management and, in conjunction with cholesterol determination, serves as an indictor of postpartum disease risk. 6, 11, 13, 20 Increased energy demand during late gestation and early lactation, combined with a decline in dry matter intake before parturition, make dairy cows uniquely susceptible to negative energy balance (NEB). Plasma NEFA concentrations can be used as a measure of adequate energy intake, with increased concentrations associated with a NEB. Several studies have shown a positive association between increased plasma NEFA concentrations during the last 2-3 weeks of gestation and the occurrence of postpartum diseases such as ketosis, fatty liver, displaced abomasums, retained placentas, and metritis. 6, 11, 13, 20 Feeding strategies designed to increase energy intake during this period are desirable for optimal postpartum health and performance. Thus, monitoring of plasma NEFA is a useful tool for dry cow management.
A large number of methods for detection and isolation of NEFA have been previously reported. These include thin-layer, 12 gas-liquid, 37 and high-performance liquid chromatography (HPLC) 23, 29, 36, 38, 40 applied to plasma and whole-blood samples, capillary zone electrophoresis (CE) for the analysis of human skin, 31 and solid-phase microextraction (SPE) for the analysis of whey products. 35 Gas chromatography-mass spectrometry (GC/MS) has been used for determination of volatile free fatty acids (compounds with carbon chains of up to 6 atoms long) in raw sewage. 1 Other analytical techniques for the separation and quantitation of various saturated and unsaturated free fatty acids have been described. 24, 36, 40, 41 In addition to the above techniques, a number of enzymatic methods 4, 8, 16, 17, 22 for the colorimetric detection of NEFA in serum/plasma are now available including a commercially available kit a (''NEFA C'' Kit). This latter technique involves conversion of NEFA to their corresponding enoyl-Coenzyme A (CoA) products with generation of hydrogen peroxide (H 2 O 2 ; Fig. 1 , reaction 1). The amount of H 2 O 2 produced during a reaction can be directly correlated with the total NEFA concentration in a given sample ( Fig.  1, reaction 2) .
Several studies deal with the modification of the commercial kit to accommodate smaller sample sizes, reduce assay cost, and increase sample throughput. 8, 18, 19 However, to authors' knowledge, published reports that deal with method comparison for detection and quantitation of NEFA have used least-square regression analysis and comparison of extinction coefficients to assess agreement between the methods. 5, 7, 8, 10, 18, 19, 30, 39 This approach, though widely used in analytical data evaluation, is inappropriate for use in method comparison studies. 15, 25, 27, 32, 33 It has been shown that 2 methods can have a high correlation, but may never agree, suggesting that correlation is only a measure of association between the methods and not a measure of agreement. 2, 21, [32] [33] [34] An alternative approach to the use of standard correlation statistics has been proposed 2 in which information about the degree of agreement between 2 methods is based on a mean difference plot. This mean difference approach has been evaluated and compared with linear regression for measurement of the peak expiratory flow rate by 2 different instruments, 2 enzyme-linked measurement of glycated hemoglobin by both immunoabsorbent assay and ion-exchange chromatography, measurement of high-density lipoprotein using either the bromo-cresol green method or the turbidimetric measurement of albumin, 33 and measurement of carotid stenosis by different carotid angiograms. 34 Such studies illustrate that using linear regression analysis to compare 2 methods poses a risk of not detecting bias between them and that an accurate estimation of the measured error can be achieved with precision using a ''limit of agreement''approach. 2 The goal of the present study was to access whether the detection and quantitation of NEFA in bovine serum using either the ''NEFA C'' recommended UV/ visible spectrophotometric detection method (UVS) or a modified procedure, using a 96-well microtiter plate and a microplate reader (MPR), show sufficient agreement using a limit of agreement approach to be used interchangeably. As previously reported, an adaptation of the ''NEFA C'' kit to an automated microtechnique offers several advantages over the manual colorimetric UVS method, including higher sample throughput, the ability to simultaneously analyze samples and standards, need for smaller sample sizes (10 vs. 50 l) and decreased cost per assay. 8, 18, 19 Cost savings are due to the ability to run more tests per kit (250 vs. 50) and need for less technician time for sample analysis.
Materials and methods
Materials. All UVS experiments were performed using 1cm path length disposable cuvettes. b Polystyrene EIA/RIA 96-well stripwell plates, c titertube microtubes, d and a digital multichannel pipette b were used with the MPR procedure. An ultrapure water system e (Milli-Q RG and Milli-RO10) was used to generate water with resistivity of 18 M⍀ cm.
Preparation of standards and samples. Color reagents A (acyl-CoA synthetase, ascorbate oxidase, CoA, adenosine triphosphate [ATP], 4-animoantipyrine) and B (acyl-CoA oxidase, peroxidase) were prepared according to the directions of the ''NEFA C'' kit. Blank, standard, and sample preparation was slightly modified from that described in the kit. In the case of UVS detection, 37.5 l of ultrapure water (blank), 18.8, 35.0, and 75.0 l of 1.0 mEq/liter (1.0 mmol/ L) standard stock solutions of nonesterified oleic acid provided by the ''NEFA C'' kit were used to prepare 0.5, 1.0, and 1.97 mEq/liter working standards, respectively. Samples of plasma (37.5 l) were pipetted into glass test tubes, and 18.8 l of ultrapure water was added to the 0.5 mEq/liter standard. Incubation was as described in the ''NEFA C'' kit with the addition of 0.75 ml of reagent A, followed by 1.5 ml of reagent B. For the MPR procedure, 5, 10, and 20 l of 1.0 mEq/liter standard stock solution (0.5, 1.0, and 1.97 mEq/liter working standards), 10.0 l aliquots of plasma samples, and the blank were pipetted into titertube microtubes with 5 l of water added to the first standard. Two hundred microliters of reagent A was added to all solutions and incubated at 37 C for 10 min. This was followed by the addition of 400 l of reagent B with reincubation. Samples were allowed to sit at room temperature for 5 min. A 96well, flat-bottom, polystyrene microtiter plate was used for the analyses. To each well, 250 l of all the solutions were transferred manually with a multichannel pipette. The plate was immediately read by the MPR.
UVS conditions. All UVS experiments were performed at 25 C using a single-beam, diode array spectrophotometer f (wavelength assignment at 2 nm intervals) equipped with a deuterium lamp with light emission over the 190-820 nm range, a source, spectrograph lenses, a single-cell holder, a grating system, and a shutter. Cuvettes with 3-ml capacity were used for all the measurements. A baseline spectrum was set before sample analysis by measurement of a blank (water). The instrument was set to operate in an overlaid spectral mode at a single wavelength of 550 nm.
MPR conditions. A microplate reader d designed to read a 96-well microtitration plate was set to scan at a single wavelength of 550 nm at 25 C. The instrument was equipped with a vertical pathlength photometer, a tungsten halogen light * All absorbances were measured at 550 nm. Absorbances-1 and -2 are measurements made by the spectrophotometer and the microplate reader, respectively. NEFA-1 and -2 are concentrations obtained from absorbances-1 and -2, respectively. source, a silicon photodiode detector, and an 8-10-nm bandwidth filter at 550 nm. Replicate wells (n ϭ 2) were assigned to each blank, standard, and sample such that mean absorbance values were generated for each. A final absorbance report included the mean blank value subtracted from all mean standard and sample absorbance values.
Results
Linearity, sensitivity, and precision of the individual methods. Linearity of UVS and MPR standard response was determined for the ''NEFA C'' test kit with a range of standards: 0.5, 1.0, and 1.97 mEq/liter. Eight, 4-point calibration curves were generated for each instrument on the basis of the standard optical density at 550 nm and the corresponding concentrations in mEq/liter. A least-square linear regression of standards resulted in linear curves with correlation coefficients of 0.9909-0.9993 for the UVS method and 0.9987-0.9996 for the MPR method. The percent SD (% RSD) for all the curves was 0.30% and 0.05% for UVS and MPR, respectively. Thus, the detection of NEFA by both methods was linear up to the highest concentration analyzed (1.97 mEq/liter).
The sensitivity of each instrument (limit of detection [LOD]) was calculated on the basis of the mean absorbance values of twenty replicates (n ϭ 20) of the blank plus twice its SD. LODs were determined to be 0.220 (Ϯ0.074) and 0.050 (Ϯ0.002) mEq/liter for UVS and MPR, respectively.
The within-day precision of each method was determined on the basis of replicate analysis (n ϭ 20) of the 1.0 mEq/liter standard. The absorbance values and the corresponding final concentrations for all 20 determinations by UVS and MPR are summarized in Table 1 . SD values were 0.098 and 0.053 mEq/liter for UVS and MPR, respectively. The variance ratio test (F-test) was performed to determine if the precision of the 2 methods was significantly different. The ratio (F ϭ SD /SD ) resulted in an F value of 1.85, a number 2 2 1 2 smaller than that at the 95% probability level for n ϭ 20, suggesting that the 2 analytical instruments evaluated in this study yielded similar repeatability on the basis of a standard response. 9 Between-day variability for direct comparison between the 2 methods was based a 3-day minimum design 28 with replicate analysis (n ϭ 6) of 0.5, 1.0, and 1.97 mEq/liter standards. The range of SD was 0.018-0.067 and 0.005-0.015 mEq/liter for UVS and MPR detection, respectively.
The results indicated that analysis of samples could be accomplished with satisfactory reproducibility. Statistical data evaluation. Statistical comparison of the UVS method with the MPR method was done according to the graphical technique of Bland and Altman. 2 An average of 2 measurements [(UVS ϩ MPR)/ 2] for each sample was calculated and plotted against the difference between measured NEFA results of each sample (UVS Ϫ MPR). A difference plot was generated for 92 out of 138 bovine serum samples, omitting those results that fell below the UVS LOD. The final graph is shown in Fig. 2 . An average of 92 sets of differences (UVS Ϫ MPR) was calculated to be 0.015 mEeq/l (line labeled as ''mean'' in Fig. 2 ) with a SD of those differences of 0.057 mEq/liter. For results to be normally distributed, 95% of all the differences between the 2 methods should lie within a range called the ''limits of detection'' and is expressed as [mean Ϯ2SD]. The limits for the obtained NEFA data are shown in Fig. 2 . Calculations showed that the maximum differences between the UVS and MPR methods resulted in a lower limit of (Ϫ) 0.10 mEq/liter and of an upper limit of (ϩ) 0.13 mEq/liter. The standard error (SE) for the limits of agreement calculated by square root () of (3SD 2 /n), where n is the number of samples included in the calculations (n ϭ 92), was 0.010 mEq/liter. Evaluation of the concentration-dependent bias between the 2 instruments was based on the mean difference (0.015 mEq/liter) and the SD (0.057 mEq/liter). The standard error of the mean (SEM) was determined to be 0.0059 mEq/liter (SD/ ͙n) and the 95% confidence interval for the bias, using the formula [mean Ϯ2SEM], resulted in a range of 0.003-0.027 mEq/liter. The mean of all difference for the 92 sets of measurements (UVS Ϫ MPR) was calculated to be 0.015 mEq/liter and is shown by a line labeled ''mean''. The limits of agreement (labeled as ''mean Ϫ 2SD'' and ''mean ϩ 2SD'') represent the maximum differences observed for 95% of all samples analyzed by both methods. SD is standard deviation of the mean difference.
Discussion
The quantitation of NEFA in plasma or serum is a valid measure of energy balance in prepartum dairy cows and can be used to assess the adequacy of dry cow feeding and management practices during the transition period. High NEFA concentrations during the last 4 weeks of gestation are indicative of a NEB and are positively associated with increased incidence of several postpartum diseases such as ketosis, hepatic lipidosis, metritis, retained placentas, and displaced abomasums. 6, 11, 13, 20 Desirable plasma NEFA concentrations 2-4 weeks before parturition are less than 0.325 mEq/liter. 13 Values should be below 0.40 mEq/liter, 4-14 days before parturition. Dry cow management deficiencies are likely if plasma NEFA values are above these reference values in 3 of each 7 cows tested. 13 The availability of a commercial test kit for the measurement of NEFA makes their detection and quantification relatively straightforward. However, the routine measurement of NEFA for dry cow management makes this a potentially high-volume test, and methods that decrease costs by maximizing the number of tests that can be performed with each kit and minimizing technician time are desirable.
The aim of this paper was to compare 2 methods for the detection and quantitation of serum NEFA. The ''NEFA C'' test kit recommends a standard UVS method be used. However, a modified procedure using an automated microtechnique with the kit offers several advantages as has been reported elsewhere. 8, 18, 19 Two published reports were found in which the NEFA C kit was modified for the use of a 96-well microtiter plate. One study used a modified enzymatic procedure based on an nicotinamide adenine dinucleotide reduced-luciferase system applied to serum (2 l) and milk (5 l) samples with the use of a luminometer. 8 The other study modified the ''NEFA C'' kit reagent preparation and temperature incubation methods for the use of 5 l plasma. 19 Data in both publications was collected for a limited number of samples (n ϭ 10) that were spiked with known concentration of NEFA. All conclusions were based on spike recoveries, linear regression analysis, and paired/unpaired t-tests. 8, 19 One study has been reported on the determination of NEFA concentrations by both the manufacturer's recommended detection method and a modified procedure. 8 Unfortunately, the failure to provide the raw data precluded reevaluation of the methods using the mean difference plot statistical test (discussed in this study). Thus, the ability of the modified method to provide results equivalent to the NEFA kit using appropriate statistical procedures for comparison was not demonstrated. Evaluation of the data presented in this report shows that the MPR method is equivalent to the UVS method in terms of reliability, reproducibility, and linearity. In addition, it has the added advantage of greater sensitivity, although from a diagnostic standpoint, this is unimportant.
Based on previous publications, 14, 26, 28 the use of an appropriate number of samples to conduct a valid method comparison study was addressed. In this study, the number of samples to be tested was determined on the basis of the SD of the respective methods for NEFA detection. Calculations using SDs of 0.098 and 0.053 mEq/liter for UVS and MPR, respectively, showed that a sample size of 32 allowed the detection of a minimum difference of 0.5% between the 2 methods and satisfied a 95% statistical significance. 28 In the present study, 92 different bovine plasma samples were used, which is well above the minimum number required.
For statistical method comparison and generation of a difference plot, the average of NEFA values determined by the 2 methods was used as the best estimate of the true value of NEFA in a given sample because no actual value of NEFA was known 3 . The estimation of the bias, lack of agreement, and consistent tendency of one method to exceed the other was based on the mean difference of the 2 methods and the SD of the differences. As is apparent from Fig. 2 , the differences between the 2 measurements were symmetrical about the mean, suggesting that there was no systematic bias between them. The concentration-dependent bias with a range of 0.003-0.027 mEq/liter suggested that the MPR method gives lower readings than the UVS method by not more than 0.027 mEq/liter, 2,15 a value that can be considered not significantly different for NEFA detection. The presence of 4 outliers is evident in Fig. 2 . However, the small range for the limits of agreement (Ϫ0.10 to ϩ 0.13 mEq/liter) and its SE of 0.010 mEq/liter, showed that even with an increase of 0.010 mEq/liter in the values for the maximum differences that can be observed between the 2 methods (Ϫ0.110 to ϩ 0.140 mEq/liter), the variation is small enough so that the MPR method can be used interchangeably with the UVS method for the detection and quantitation of serum NEFA. Data presented show good correlation between the 2 methods, with the MPR technique showing higher detection sensitivity for NEFA compared with the UVS method. The MPR method is preferred to the UVS method because of its potential for high throughput, rapidity, simplicity, accuracy, and economy. 
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